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Intestinal bacterial community
composition of juvenile Chinese
mitten crab Eriocheir sinensis
under different feeding times in lab
conditions
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Feeding time is an important factor affecting the physiological activity and feeding rhythm of
crustaceans. However, little is known about the factors and mechanisms contributing to variations

in feeding time in aquatic species or their impacts. Moreover, the gut microbiome largely affects host
physiology and is associated with diet. To investigate the effects of different feeding times on the
composition of intestinal bacterial communities, high-throughput 16S rRNA sequencing was used

to monitor the gut bacteria of the Chinese mitten crab Eriocheir sinensis over a 10-day period under
different feeding times: 06:00 h, 12:00 h, 18:00 h, and 24:00 h. Weight gain of the day-fed groups was
significantly higher than that of the night-fed groups. Two probiotics, Akkermansia muciniphila and
Faecalibacterium prausnitzii, were detected in the intestines of crabs in the 12:00 group. In addition,
the diversity and richness of the flora in the 12:00 group were slightly higher than those in the other
treatment groups. These results collectively indicate that different feeding times change the intestinal
flora composition of Chinese mitten crabs, and further identified specific feeding times associated with
a more significant weight gain effect. Our findings provide important insights into improving farming
strategies for Chinese mitten crabs.

Feeding strategies and feed varieties have an impact in aquatic organism on growth' and metabolism? however,
research in this field has largely focused on the feeds themselves, while underestimating the importance of feed-
ing strategies. Over long-term evolution, aquatic organisms have acquired a certain feeding rhythm in response
to the periodic changes of environmental factors such as light®, temperature?, and feeding rhythm?®. Appropriate
feeding frequency and feeding time can significantly improve the growth rate of aquatic organisms®, reduce food
waste’, and effectively improve immune function®. Feeding time is an important factor to consider in aquaculture,
but is often overlooked and has thus received minimal research attention’. To date, studies have shown that the
optimal feeding time of aquatic animals is closely related to their feeding rhythms. For example, the fish species
Acipenser dabryanus exhibited a better immune response under night feeding than under day feeding'’.

Gut microbes play an important role in the physiological processes of their host, including nutrient
metabolism!! and inhibition of pathogenic microorganisms'2. The homeostasis of the gut microbiota of aquatic
species is closely related to the host’s diet'’. While previous studies have assessed gut microbiota responses to
dietary changes, less is known about how feeding behavior affects the gut microbiota.

Chinese mitten crab (Eriocheir sinensis) is the main freshwater crab species cultured along the Yangtze River
of China owing to its delicious meat, high economic value, and good breeding efficiency'*. With improvement
of the breeding efficiency of Chinese mitten crab, the breeding scale has expanded in recent years, with the total
output reaching 7.57 x 10° kg in China in 2018'%. However, there has been no study assessing the changes in the
gut microbiome under different feeding times in this species. Therefore, the aim of this study was to detect such
changes by high-throughput sequencing, followed by community diversity, species richness, and bioinformatic
pathway analyses. These findings will improve our understanding of the links between feeding times and gut
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microbial composition in crustaceans. Furthermore, this study can have important implications for improving
aquaculture production efficiency.

Materials and methods

Ethics statement. The animals used in this study were not an endangered or protected species. At present,
alicense is not required to capture E. sinensis in China’s rice paddies. All experiments were carried out in accord-
ance with the guidelines for scientific purposes, animal care and use formulated by the Animal Ethics Commit-
tee of Shenyang Agricultural University. All efforts were made to reduce animal suffering as much as possible.

Sample collection. In December 2021, 60 Chinese mitten crabs (6.71+1.53 g) were collected from paddy
fields in Panjin City, Liaoning Province, China. The crabs were transported to Shenyang Agricultural University
Aquaculture Laboratory and evenly allocated to four tanks equipped with a circulatory system, with two parti-
tions placed in each tank to divide it into three units (n=>5 crabs per unit). Crabs were reared in these tanks
under conditions simulating the natural temperature (15+ 5 °C) and light cycle (12 h light/12 h dark). The crabs
were fed the same commercial formulated diet (Wellhope Agri-tech Co. Ltd., China) every 2 days during a
2-week temporary rearing period, with cessation of rearing within 48 h before the experiment. After the start of
the experiment, crabs in each tank were fed 1.5% of the total crab weight once a day using an automatic feeder.
Twelve tanks were assigned a separate feeding time: 06:00 h, 12:00 h, 18:00 h, and 24:00 h, respectively (three
replicates for each feeding time). Feeding was discontinued on day 11 and sample collection was performed at
12:00 h. The intestines of three crabs in each tank were randomly collected, pooled as a single sample per tank,
and three replicates were used for each treatment. The collected samples were immediately frozen in liquid nitro-
gen and sent to Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) for DNA extraction and Illumina
sequencing.

DNA extraction. Intestinal genomic DNA samples were extracted using the OMEGA Soil DNA Kit (D5625-
01; Omega Bio-Tek, Norcross, GA, USA) following the manufacturer’s instructions. A NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis were used to
measure the quantity and quality of the extracted DNA, respectively.

16S rRNA gene amplicon sequencing. The V3-V4 region of the bacterial 16S rRNA gene was amplified
by polymerase chain reaction (PCR) with the forward primer 799F (5'-ACTCCTACGGGAGGCAGCA-3') and
reverse primer 1193R (5'-TCGGACTACHVGGGTWTCTAAT-3'). The PCR mixture contained 1 uL of DNA
template. PCR was run on an Applied Biosystems 2720 thermal cycler (Invert Logan, Carlsbad, CA, USA) under
the following thermal cycling conditions: initial denaturation at 98 °C for 5 min; followed by 25 denaturation
cycles at 98 °C for 30 s, annealing at 53 °C for 30 s, and extension at 72 °C for 45 s; and a final extension at 72 °C
for 5 min.

Bioinformatics and statistical analysis. Microbiome bioinformatics was performed using QIIME2
2019.4 as described in the official tutorial (https://docs.qiime2.0rg/2019.4/tutorials/), with minor modifica-
tions. Raw sequence data were demultiplexed using the demux plugin, followed by primer trimming using the
cutadapt plugin'®. Reads were then filtered, denoised, and merged, and chimeric sequences were removed using
the DADA2 plugin'’. We used QIIME2 and the R package (v3.2.0) for sequence data analysis. Alpha diversity
indices (Chaol, observed species, Shannon diversity index, Simpson index) at the amplicon sequencing variant
(ASV) level were calculated using the ASV table in QIIME2 and visualized using boxplots. Abundance curves
were generated at the ASV level to compare the abundance and homogeneity of ASVs in a sample. Beta diver-
sity was analyzed to investigate structural changes in microbial communities between samples and visualized
according to the principal coordinate analysis (PCoA) plot, multidimensional nonmetric scaling (NMDS), and
hierarchical grouping by the arithmetic mean’®. Using the R package "Venn Diagram,” a Venn diagram was
generated to show the shared and unique ASVs in a sample or population, based on the occurrence of ASVs in
different samples and populations, regardless of their relative abundance®.

Network analysis based on relationships among microbial members was further applied as a common method
of microbial community analysis*®. The underlying purpose of this analysis is to find, through correlation analysis,
the intrinsic patterns of co-occurrence or co-exclusion in specific microbial communities driven by spatiotem-
poral changes and environmental processes. Co-occurrence network analysis was performed using SparCC
analysis* with pseudo-count values between 10 and 6. The cut-off value of the correlation coefficient based on
random matrix theory was determined to be 70 using the method implemented in the R package RMThreshold.
The network was visualized using the R packages igraph and ggraph. A network hub is considered when the
connectivity value within a module (Zi score) is greater than 2.5 and the connectivity value between modules
(Pi score) is greater than 0.6%2. Microbial function was predicted using PICRUSt2 (a phylogenetic survey of com-
munities by reconstructing unobserved states)?* along with annotation in the MetaCyc and KEGG databases®*?°.

Ethics. The protocols for samples collection of crabs were approved by the Ethics Committee of Shenyang
Agriculture University.
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Feeding time 06:00 12:00 18:00 24:00

Initial weight/g 6.58+1.36 6.80+1.79 6.84+1.60 6.63+1.30
Final weight/g 7.14+1.48 7.25+1.96 7.07+1.61 6.99+1.29
Weight gain rate/% 8.51+0.08% 6.62%0.09 3.36+0.06° 5.43£0.007¢

Table 1. The impact of feeding time on the growth performance of Chinese velvet crabs. Weight gain rates
with different superscripts are significantly different between feeding times (Duncan Test, p <0.05).

Results

Effects of different feeding times on growth performance of Chinese mitten crab. With the
change of feeding time, the weight gain rate of Chinese mitten crab gradually decreased (Table 1), reaching the
highest value of approximately 8.51% in the 06:00 h group, which was higher than that of the other three groups
(P <0.05). The weight gain rate of the 18:00 h group was the lowest, at approximately 3.36%.

Sample bacterial sequencing. A total of 1,210,030 original sequences were read from the intestinal sam-
ples after sequencing, with an average of 100,835 sequence reads per sample. After quality filtering and denois-
ing, 1,126,296 valid sequences remained (Table S1). We identified a total of 8804 ASVs at different taxonomic
levels: 106 at the phylum level, 2816 at the genus level, and 843 at the species level (Table S2).

Alpha diversity. The alpha diversity index was used to judge bacterial richness and diversity at the four
feeding time points (6:00 h, 12:00 h, 18:00 h, and 24:00 h) (Fig. S1). There was no significant difference in the
richness and diversity of the four groups of gut bacterial samples. Comparison of the Chaol, Faith_pd, and
Observed_species values showed consistency in the indices with respect to the order of the four different time
points, in which the flora diversity and richness in the 12:00 h group were slightly higher than those of the other
three feeding time points. The sparse curve and abundance curve respectively illustrate the richness and diver-
sity of each sample (Figs. S2 and S3), which both supported this finding.

Abundance analysis. At the phylum level, a total of four main phyla (> 1% relative abundance) were identi-
fied in the intestinal samples of E. sinensis subject to different feeding times, namely Proteobacteria, Firmicutes,
Tenericutes, and Bacteroidetes. The abundance of these dominant phyla accounted for more than 90% of the
entire flora (Fig. 1A). Among these dominant phyla, Tenericutes accounted for the highest proportion of bac-
teria in the intestinal tracts of crabs fed at 24:00 h (59.70%), but accounted for the lowest proportion in those
fed at 12:00 h (33.95%). However, the proportions of Proteobacteria in each group showed completely opposite
trends, accounting for the highest proportion in the intestines of crabs fed at 12:00 h (37.02%) and the lowest
proportion in the intestines of crabs fed at 24:00 h (16.31%). The relative abundances of the two other dominant
bacterial phyla were less affected by different feeding times, with relatively consistent proportions in each group.

At the genus level, Acinetobacter accounted for the highest proportion in the crab intestines fed during the
day, at 11.39% and 11.60% in the 12:00 h and 18:00 h group, respectively. Moreover, we detected a significantly
higher proportion of Aeromonas in the intestinal samples of crabs fed at 12:00 h compared with that detected
in the other three groups (Fig. 1B).

The most abundant species were Acinetobacter johnsonii and Clostridium colinum. In addition, Vibrio
rumoiensis was only detected in the guts of crabs fed at 18:00 h (Fig. 1C). These results indicated that feeding
time has a certain influence on the composition of the intestinal flora of E. sinensis.

Taxonomic differences and biomarkers.  The number of gut bacteria was significantly different between
groups with different feeding times (Fig. S4), ranked from the highest to the lowest as follows: 12:00 h (n=1865),
4:00 h (n=1201), 18:00 h (n=899), and 06:00 h (n=668). This result further supported that feeding time can
alter gut bacterial communities.

The species composition heatmap showed that TM6, Actinobacteria, Verrucomicrobia, Planctomycetes,
Chloroflexi, WS3, Nitrospirae, Spirochaetes, Cyanobacteria, and SR1 had high abundance only in the 18:00 h
group samples (Fig. 2A). In addition, the relative abundances of Bacteroidetes, Firmicutes and Fusobacteria in
the 06:00 h group were significantly higher than those of the other three groups. Similar abundance propor-
tions were exhibited in the genus-level heatmap (Fig. 2B). Among the top 20 genera by abundance ratio, high
abundance of Dysgonomonas and Fusobacterium was observed only in samples from the group fed at 06:00 h.
Samples from the 12:00 h group had the highest genus abundance (13 out of 20 genera), including Weissella and
Odoribacter. The heatmap exhibiting the abundance of the top 20 species showed that half of the species exhibited
high abundance only in the 12:00 h group (Fig. 2C).

Beta-diversity reveals changes in the gut microbiota under different feeding times. Beta-
diversity refers to differences in species composition or species replacement rates along an environmental gradi-
ent between different communities; therefore, it is also referred to as between-habitat diversity. We obtained the
B-diversity index (Bray—Curtis distance) using PCoA and NMDS (Fig. 3A,B), which indicated that the microbial
composition of the 12:00 h group was significantly different from that of the other groups. In contrast, within-
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Figure 1. Relative abundance of gut microbial communities in Eriocheir sinensis at different feeding times at the
phylum level (A), genera level (B), and species level (C).
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Figure 2. Correlation analyses of the gut bacteria at the phylum level (A), genera level (B), and species level
(O).

group diversity was very low. These results indicated that crabs fed at 12:00 h exhibited significant variation in
their gut bacterial communities.

Keystone species based on network analysis. Network analysis of the microbiota showed that Firmi-
cutes (Zi=2.8024, Pi=0.4062) and Proteobacteria (Zi=3.388, Pi=0.4518) clustered close to generalists (Fig. 4).
This suggests that changes in the ratios of these two phyla have the potential to affect the composition of the
microbiome throughout the gut.

Potential function of the gut bacterial community. We determined the abundance of metabolic
pathways active in the microbiome by consulting various metabolic pathway databases and applying calculation
methods (Fig. 5). The biosynthesis pathway category had the most enriched pathways, including amino acid bio-
synthesis; cofactor, prosthetic group, electron carrier, and vitamin biosynthesis; fatty acid and lipid biosynthesis;
and nucleoside and nucleotide biosynthesis.

Discussion

Accumulating evidence indicates that diet affects the gut microbiome of aquatic animals to some extent?. Exam-
ining the modulation of gut microbiome composition and function is thus extremely helpful in understanding
disease processes and identifying new therapeutic targets in aquatic animals?’. To the best of our knowledge,
this study is the first to investigate the changes of gut bacterial communities in E. sinensis under different feeding
times. Our results showed that the composition of gut bacterial communities of E. sinensis at different feeding
times markedly changed over a 10-day trial.

The results of the alpha- and beta-diversity analysis showed no significant difference in the composition of the
intestinal bacterial community of each group of crabs after the 10-day experiment. Only the crabs fed at 12:00 h
had a slightly higher diversity and richness of gut microbiota than those of the other groups. However, the spe-
cies composition analysis showed distinct patterns of relative abundance of the dominant flora in each group.

Some of the bacteria with higher abundance in the group fed at 12:00 h were closely related to functions linked
to the metabolism and immunity of aquatic animals. Two intestinal probiotics were detected among the 13 species
with the highest abundance in the 12:00 h group, which are known to play crucial roles in the human gut**°.
Faecalibacterium prausnitzii has been reported as one of the major butyrate producers in the gut*®’!, and Han
et al.*> showed that supplementation of diets containing sodium butyrate can improve the intestinal integrity and
immunity of juvenile Chinese mitten crabs. Feeding crabs a diet with a high concentration of sodium butyrate
improved their survival rate and weight. In addition, related studies have demonstrated that E prausnitzii and
its metabolites play a protective role against colitis in mice®?, improve an intestinal flora imbalance, and increase
bacterial diversity and the abundance of short-chain fatty acid-producing bacteria. Akkermansia muciniphila
mainly colonizes the outer mucus layer of the gastrointestinal tract, which uses the mucin in the gastrointestinal
tract as an energy source for its own growth. Its consumption of mucin and goblet cell regeneration of mucin
can achieve a dynamic balance, thereby maintaining stability of the host'’s mucus layer®, which is essential for
aquatic animals®**. Damage to the intestinal mucus layer reduces the barrier effect against pathogens, which
could facilitate infection of the host”. In addition, dietary supplementation of this probiotic has been associated
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Figure 3. (A) Principal coordinate analysis (PCoA) of the gut bacterial community. (B) Nonmetric
multidimensional scaling of the gut bacterial community.

with weight changes. A. muciniphila was found to be more abundant in the feces of lean mice compared with
that in obese mice. Moreover, daily feeding of A. muciniphila for several weeks reversed high-fat diet-induced
obesity in the mice, accompanied by improved epithelial integrity and related effects®®.

When comparing the relative abundances of the 18:00 h group bacterial species, Vibrio rumoiensis was found
to be the most abundant taxon. This result is consistent with our previous study involving a single-day microbiota
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Figure 4. Network analysis of gut bacteria at the phylum level. The role of each node in the associated network
is determined according to the values of Zi and Pi score. Zi module connectivity, Pi module connectivity.

analysis of Chinese mitten crabs®. However, many species in the present study were only observed to be highly
abundant in the 12:00 h group, which may be due to changing the feeding time of the crabs. As a result, the feed-
ing behavior of crabs was affected, which in turn resulted in a shifted bacterial flora composition. In addition,
the weight gain rate of the 06:00 h and 12:00 h groups (i.e., the day-fed groups) was significantly higher than
that of the crabs fed at night, whereas the number of ASVs in the 06:00 h group was lower than that of the two
treatment groups fed at night. Nonetheless, these results are sufficient to indicate that feeding time has a certain
effect on the composition of intestinal flora and the rate of weight gain of E. sinensis.

Conclusions

Our evidence suggests that there is a certain degree of difference in the gut bacterial community composition
of crabs with different feeding times, which provides a basis for further studies on the effects of feeding time
in crustaceans. Therefore, in follow-up research, collecting samples from different breeding environments will
be of great significance. In addition, the increasing trend of crab body weight in this study did not show a very
complete cycle. Therefore, future research should consider adding more feeding modes to find the most suitable
feeding time. Furthermore, our findings suggest that the timing of feeding may affect the gut microbial responses
to oxidative stress and may even affect the innate immune response of E. sinensis. Taken together, our findings
contribute to gaining a better understanding of the effects of different feeding times on the bacterial community
structure in the gut of E. sinensis. These findings may in turn help to optimize feeding times to improve crab/
crustacean quality and health in aquaculture environments.

Scientific Reports |

(2022) 12:22206 | https://doi.org/10.1038/s41598-022-26785-9 nature portfolio



www.nature.com/scientificreports/

Amine and Polyamine Biosynthesis =

Amino Acid Biosynthesis =

Aminoacyl-tRNA Charging -

Aromatic Compound Biosynthesis =

Carbohydrate Biosynthesis =

Cell Structure Biosynthesis =

Cofactor, Prosthetic Group, Electron Carrier, and Vitamin Biosynthesis =
Fatty Acid and Lipid Biosynthesis =

Metabolic Regulator Biosynthesis =

Nucleoside and Nucleotide Biosynthesis =
Other Biosynthesis =
Secondary Metabolite Biosynthesis =

Alcohol Degradation =

Aldehyde Degradation =

Amine and Polyamine Degradation -

Amino Acid Degradation =

Aromatic Compound Degradation =

C1 Compound Utilization and Assimilation =
Carbohydrate Degradation -

Carboxylate Degradation =

Chlorinated Compound Degradation =
Cofactor, Prosthetic Group, Electron Carrier Degradation =
Degradation/Utilization/Assimilation - Other =
Fatty Acid and Lipid Degradation =

Inorganic Nutrient Metabolism =

Nucleoside and Nucleotide Degradation =
Polymeric Compound Degradation =
Secondary Metabolite Degradation =

Antibiotic Resistance -
methanol oxidation to carbon dioxide -

1,5-anhydrofructose degradation =
Electron Transfer =
ethylmalonyl-CoA pathway =
Fermentation -
formaldehyde oxidation | =
Glycolysis -

glyoxylate cycle = 1

isopropanol biosynthesis =

methyl ketone biosynthesis = |
methylaspartate cycle =
Pentose Phosphate Pathways -
Photosynthesis =
Respiration =
superpathway of glycolysis and Entner-Doudoroff =
superpathway of glycolysis, pyruvate dehydrogenase, TCA, and glyoxylate bypass =
TCA cycle =

Glycan Biosynthesis =
Glycan Degradation =

Nucleic Acid Processing -

L-glutamate and L-glutamine biosynthesis = 1
O-antigen building blocks biosynthesis (E. coli) = &
phospholipases =
pyrimidine deoxyribonucleotide phosphorylation - m
pyrimidine deoxyribonucleotides biosynthesis from CTP -

pyrimidine deoxyribonucleotides de novo biosynthesis | = &
pyrimidine deoxyribonucleotides de novo biosynthesis Ill = |
pyrimidine deoxyribonucleotides de novo biosynthesis IV =
superpathway of L-aspartate and L-asparagine biosynthesis - m
tRNA charging - =

' ' ' [ ' ' '
0 6000 12000 18000 24000 30000 36000

Relative Abundance

Figure 5. The relative abundance of metabolic pathways.

Data availability

Biosynthesis

Degradation/Utilization/Assimilation

Detoxification

Generation of Precursor Metabolite and Energy

Glycan Pathways

Macromolecule Modification

Metabolic Clusters

The raw reads have been deposited into NCBI database (BioProject number PRINA885001).

Received: 28 September 2022; Accepted: 20 December 2022
Published online: 23 December 2022

References

1. Chen, Y. L. et al. Growth and immune response of Chinese mitten crab (Eriocheir sinensis) fed diets containing different lipid

sources. Aquac. Res. 47, 1984-1995. https://doi.org/10.1111/are.12654 (2016).

2. Long, X. W. et al. Effects of three feeding modes on the metabolism, antioxidant capacity, and metabolome of the adult male
Chinese mitten crab Eriocheir sinensis. Aquacult. Int. 30, 1101-1119. https://doi.org/10.1007/s10499-021-00782-7 (2022).

Scientific Reports |  (2022) 12:22206 | https://doi.org/10.1038/s41598-022-26785-9

nature portfolio


https://doi.org/10.1111/are.12654
https://doi.org/10.1007/s10499-021-00782-7

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.
23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

. Gao, X. L., Pang, G. W, Luo, X., You, W. W. & Ke, C. H. Effects of light cycle on circadian feeding activity and digestive physiology

in Haliotis discus hannai. Aquaculture 539, €736642. https://doi.org/10.1016/j.aquaculture.2021.736642 (2021).

. Wang, N, Xu, X. L. & Kestemont, P. Effect of temperature and feeding frequency on growth performances, feed efficiency and

body composition of pikeperch juveniles (Sander lucioperca). Aquaculture 289, 70-73. https://doi.org/10.1016/j.aquaculture.2009.
01.002 (2009).

. Marinho, G., Peres, H. & Carvalho, A. P. Effect of feeding time on dietary protein utilization and growth of juvenile Senegalese

sole (Solea senegalensis). Aquac. Res. 45, 828-833. https://doi.org/10.1111/are.12024 (2014).

. Lee, S. M. & Pham, M. A. Effects of feeding frequency and feed type on the growth, feed utilization and body composition of

juvenile olive flounder, Paralichthys olivaceus. Aquac. Res. 41, e166-e171. https://doi.org/10.1111/j.1365-2109.2010.02491.x (2010).

. Wu, Y. B, Han, H., Qin, J. G. & Wang, Y. Effect of feeding frequency on growth, feed utilization, body composition and waste

output of juvenile golden pompano (Trachinotus ovatus) reared in net pens. Aquac. Res. 46, 1436-1443. https://doi.org/10.1111/
are.12297 (2015).

. Wang, C,, Xie, S., Zheng, H., Chen, F. & Fang, Y. Effects of feeding frequency on the growth, body composition and SOD, GPX

and HSP70 gene expression in Schizothorax wangchiachii. Aquacult. Rep. 22, 100942. https://doi.org/10.1016/j.aqrep.2021.100942
(2022).

. Boujard, T,, Gélineau, A. & Corraze, G. Time of a single daily meal influences growth performance in rainbow trout, Oncorhynchus

mykiss (Walbaum). Aquac Res. 26, 341-149 (1995).

Chen, Y. Y. et al. Comprehensive transcriptome analysis reveals the effect of feeding rhythm on the immunity and metabolism of
Acipenser dabryanus. Fish Shellfish Immun. 122, 276-287. https://doi.org/10.1016/.51.2022.02.023 (2022).

Shi, E. et al. Bacillus subtilis H2 modulates immune response, fat metabolism and bacterial flora in the gut of grass carp (Ctenophar-
yngodon idellus). Fish Shellfish Immun. 106, 8-20. https://doi.org/10.1016/.fs1.2020.06.061 (2020).

Chauhan, A. & Singh, R. Probiotics in aquaculture: A promising emerging alternative approach. Symbiosis 77, 99-113. https://doi.
0rg/10.1007/s13199-018-0580-1 (2019).

Parris, D. J., Morgan, M. M. & Stewart, E. J. Feeding rapidly alters microbiome composition and gene transcription in the clownfish
gut. Appl. Environ. Microb. 85, €02479-e12418. https://doi.org/10.1128/aem.02479-18 (2019).

Wang, J. et al. Genetic improvement and breeding practices for Chinese mitten crab, Eriocheir sinensis. . World Aquacult. Soc. 49,
292-301. https://doi.org/10.1111/jwas.12500 (2018).

Zhang, C. et al. Melatonin promotes cheliped regeneration, digestive enzyme function, and immunity following autotomy in the
Chinese mitten crab, Eriocheir sinensis. Front. Physiol. 9, €269. https://doi.org/10.3389/fphys.2018.00269 (2018).

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10-12 (2011).
Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583. https://
doi.org/10.1038/nmeth.3869 (2016).

Ramette, A. Multivariate analyses in microbial ecology. Fems. Microbiol. Ecol. 62, 142-160. https://doi.org/10.1111/j.1574-6941.
2007.00375.x (2007).

Zaura, E., Keijser, B. ]. E, Huse, S. M. & Crielaard, W. Defining the healthy “core microbiome” of oral microbial communities. BMC
Microbiol. 9, 1. https://doi.org/10.1186/1471-2180-9-259 (2009).

Faust, K. & Raes, ]. Microbial interactions: from networks to models. Nat. Rev. Microbiol. 10, 538-550 (2012).

Koljalg, U. et al. Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 22, 5271-5277. https://doi.org/
10.1111/mec.12481 (2013).

Deng, Y. et al. Molecular ecological network analyses. BMC Bioinf. 13, 1. https://doi.org/10.1186/1471-2105-13-113 (2012).
Langille, M. G. I et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat.
Biotechnol. 31, 814-821. https://doi.org/10.1038/nbt.2676 (2013).

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M. & Tanabe, M. KEGG as a reference resource for gene and protein annota-
tion. Nucleic Acids Res. 44, D457-D462 (2015).

Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

Li, X. et al. Intestinal microbiome and its potential functions in bighead carp (Aristichthys nobilis) under different feeding strate-
gies. Peer] 6, €6000. https://doi.org/10.7717/peerj.6000 (2018).

Ding, Z. E, Cao, M. ], Zhu, X. S., Xu, G. H. & Wang, R. L. Changes in the gut microbiome of the Chinese mitten crab (Eriocheir
sinensis) in response to White spot syndrome virus (WSSV) infection. J. Fish Dis. 40, 1561-1571 (2017).

Si, J., Kang, H., You, H. J. & Ko, G. Revisiting the role of Akkermansia muciniphila as a therapeutic bacterium. Gut Microbes 14,
€2078619. https://doi.org/10.1080/19490976.2022.2078619 (2022).

Touch, S. et al. Human CD4*/CD8a* regulatory T cells induced by Faecalibacterium prausnitzii protect against intestinal inflam-
mation. JCI Insight 7, e154722. https://doi.org/10.1172/jci.insight.154722 (2022).

Tong, Y. et al. Effect of a prawn (Macrobrachium rosenbergii)-plant eco-symbiotic culture system (PECS) on intestinal microbiota,
organic acids, and ammonia. Aquacult. Rep. 20, e100647. https://doi.org/10.1016/j.aqrep.2021.100647 (2021).

Li, L. et al. Co-occurrence network of microbes linking growth and immunity parameters with the gut microbiota in Nile tilapia
(Oreochromis niloticus) after feeding with fermented soybean meal. Aquacult. Rep. 26, e101280. https://doi.org/10.1016/j.aqrep.
2022.101280 (2022).

Han, F. L. et al. Sodium butyrate can improve intestinal integrity and immunity in juvenile Chinese mitten crab (Eriocheir sinensis)
fed glycinin. Fish Shellfish Immun. 102, 400-411. https://doi.org/10.1016/j.£51.2020.04.058 (2020).

Zhou, Y. L. et al. E. prausnitzii and its supernatant increase SCFAs-producing bacteria to restore gut dysbiosis in TNBS-induced
colitis. AMB Express 11, €33. https://doi.org/10.1186/s13568-021-01197-6 (2021).

Zhai, Q. X., Feng, S. S., Arjan, N. & Chen, W. A next generation probiotic, Akkermansia muciniphila. Crit. Rev. Food Sci. 59,
3227-3236. https://doi.org/10.1080/10408398.2018.1517725 (2019).

Verdugo, P. Goblet cells secretion and mucogenesis. Annu. Rev. Physiol. 52, 157-176. https://doi.org/10.1146/annurev.ph.52.030190.
001105 (1990).

Ringo, E., Myklebust, R., Mayhew, T. M., Olsen, R. E. & Olsen, R. E. Bacterial translocation and pathogenesis in the digestive tract
of larvae and fry. Aquaculture 268, 251-264. https://doi.org/10.1016/j.aquaculture.2007.04.047 (2007).

Schroers, V., van der Marel, M., Neuhaus, H. & Steinhagen, D. Changes of intestinal mucus glycoproteins after peroral application
of Aeromonas hydrophila to common carp (Cyprinus carpio). Aquaculture 288, 184-189. https://doi.org/10.1016/j.aquaculture.
2008.12.013 (2009).

Morrison, M. C. et al. Heat-Inactivated Akkermansia muciniphila Improves gut permeability but does not prevent development
of non-alcoholic steatohepatitis in diet-induced obese ldlr-/-leiden mice. Int. J. Mol. Sci. 23, €2325. https://doi.org/10.3390/ijms2
3042325 (2022).

Yu, C. Y. et al. Comparative analysis of gut bacterial community composition during a single day cycle in Chinese mitten crab
(Eriocheir sinensis). Aquacult. Rep. 21, ¢100907. https://doi.org/10.1016/j.aqrep.2021.100907 (2021).

Acknowledgements
We thank Panjin Guanghe Fisheries Co. Ltd for providing the crabs.

Scientific Reports |

(2022) 12:22206 | https://doi.org/10.1038/s41598-022-26785-9 nature portfolio


https://doi.org/10.1016/j.aquaculture.2021.736642
https://doi.org/10.1016/j.aquaculture.2009.01.002
https://doi.org/10.1016/j.aquaculture.2009.01.002
https://doi.org/10.1111/are.12024
https://doi.org/10.1111/j.1365-2109.2010.02491.x
https://doi.org/10.1111/are.12297
https://doi.org/10.1111/are.12297
https://doi.org/10.1016/j.aqrep.2021.100942
https://doi.org/10.1016/j.fsi.2022.02.023
https://doi.org/10.1016/j.fsi.2020.06.061
https://doi.org/10.1007/s13199-018-0580-1
https://doi.org/10.1007/s13199-018-0580-1
https://doi.org/10.1128/aem.02479-18
https://doi.org/10.1111/jwas.12500
https://doi.org/10.3389/fphys.2018.00269
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/j.1574-6941.2007.00375.x
https://doi.org/10.1111/j.1574-6941.2007.00375.x
https://doi.org/10.1186/1471-2180-9-259
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1038/nbt.2676
https://doi.org/10.7717/peerj.6000
https://doi.org/10.1080/19490976.2022.2078619
https://doi.org/10.1172/jci.insight.154722
https://doi.org/10.1016/j.aqrep.2021.100647
https://doi.org/10.1016/j.aqrep.2022.101280
https://doi.org/10.1016/j.aqrep.2022.101280
https://doi.org/10.1016/j.fsi.2020.04.058
https://doi.org/10.1186/s13568-021-01197-6
https://doi.org/10.1080/10408398.2018.1517725
https://doi.org/10.1146/annurev.ph.52.030190.001105
https://doi.org/10.1146/annurev.ph.52.030190.001105
https://doi.org/10.1016/j.aquaculture.2007.04.047
https://doi.org/10.1016/j.aquaculture.2008.12.013
https://doi.org/10.1016/j.aquaculture.2008.12.013
https://doi.org/10.3390/ijms23042325
https://doi.org/10.3390/ijms23042325
https://doi.org/10.1016/j.aqrep.2021.100907

www.nature.com/scientificreports/

Author contributions

Y.X. and Y.L. conceived and designed the study. Z.H. and B.Z. collected the specimens and performed the experi-
ments. C.Y,, L.L., and X.L. analyzed the data. Y.X. and Y.L. drafted the manuscript. All authors read and approved
the final version of the manuscript.

Funding
This work was supported by the Liaoning Province “The Open Competition Mechanism to Select the Best Can-
didates” Project (2021JH1/10400040).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-26785-9.

Correspondence and requests for materials should be addressed to Y.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:22206 | https://doi.org/10.1038/s41598-022-26785-9 nature portfolio


https://doi.org/10.1038/s41598-022-26785-9
https://doi.org/10.1038/s41598-022-26785-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Intestinal bacterial community composition of juvenile Chinese mitten crab Eriocheir sinensis under different feeding times in lab conditions
	Materials and methods
	Ethics statement. 
	Sample collection. 
	DNA extraction. 
	16S rRNA gene amplicon sequencing. 
	Bioinformatics and statistical analysis. 
	Ethics. 

	Results
	Effects of different feeding times on growth performance of Chinese mitten crab. 
	Sample bacterial sequencing. 
	Alpha diversity. 
	Abundance analysis. 
	Taxonomic differences and biomarkers. 
	Beta-diversity reveals changes in the gut microbiota under different feeding times. 
	Keystone species based on network analysis. 
	Potential function of the gut bacterial community. 

	Discussion
	Conclusions
	References
	Acknowledgements


